amyloplasts sediment due to the gravity force and trigger complex events that result in the reorientation of plant Coleoptiles of barley (Hordeum vulgare) were posiorgans relative to their normal orientation in the gravity tioned in a high gradient magnetic field (HGMF, field. This gravitropic curvature of all or part of the dynamic factor VH2/2 of 109-1010 Oe2 cm−1), generated organ(s) re-establishes the so-called gravitropic set point by a ferromagnetic wedge in a uniform magnetic field)
Introduction
Positively gravitropic roots curve parallel to the gravity vector. Therefore, roots are expected to curve away from The primary act of gravity sensing in higher plants is the stronger field area. In contrast, shoots typically show presumed to be the displacement of amyloplasts inside receptor cells, the statocytes. Inside these statocytes dense negative gravitropism and curve anti-parallel to the gravity vector. In a HGMF they should curve toward the stronger field area. Earlier experiments attempted to induce gravitropiclike curvature in shoots of Lepidium and sporangia of Phycomyces (Schwarzacher and Audus, 1973) . However, a relatively large area of non-uniform magnetic field resulted in a relatively weak field gradient (103-104 Oe2 cm−1) and the dynamic factor VH2/2 did not exceed 4.5×107 Oe2 cm−1. Under such conditions the amyloplasts are subjected to ponderomotive forces that are about 1/100 of the gravity force and Avena coleoptiles curved away from the stronger field areas. Because of these results, Schwarzacher and Audus (1973) concluded that HGMF did not substitute gravity and that the 'magnetotropism' causes physiological responses different from reorientation in the gravity field. In this paper the usefulness of magnetophoretic amyloplast displacement for the study of the gravisensing mechanism of shoots is re-examined and it is shown that the ponderomotive force Kuznetsov and Hasenstein, 1996) .
to gravity and should exert corresponding effects such as the displacement of amyloplasts.
Materials and methods

Plant material
Seeds of barley (Hordeum vulgare cv. Himalaya), oat (Avena sativa cv. Victory), or tomato (Lycopersicon esculentum cv. Ailsa Craig) were germinated on moist filter paper in darkness at about 25°C. After 1.5-2 d, the germinating seeds were placed upright in holders prepared from 2.5 cm sections of 1 ml pipette tips. The conical part was cut to an inner diameter of about 3 mm and the bottom portions were filled with moist soil, and sealed with Parafilm. The holders with seedlings were placed vertically in a dark cabinet for c. 24 h at room temperature. Then straight shoots protruding 3-8 mm above the orifice of the holder were used for experiments.
Magnetic system
A HGMF was generated using a ferromagnetic wedge (dihedral 40×40×16 mm each). The magnetic field near the edge of the wedge is stronger than the field between the magnets, and the gradient VH is directed toward the wedge (Fig. 1) . Diamagnetic edge of the wedge and the coleoptile should curve toward the wedge. substances (magnetic susceptibility x <0), such as starch-filled amyloplasts, experience a force that is directed away from the Amyloplasts that are within 0.3 mm of the wedge edge experience a magnetic force comparable to gravity. Since barley edge of the wedge.
The area where the ponderomotive force affecting the coleoptiles have an elliptical cross-section near the tip (about 0.5×1 mm diameter) and since a distance of c. 0.1 mm was amyloplasts is equal to or greater than 1 g was about 0.3 mm along the wedge edge (shaded area in Fig. 2) . If a tip of a maintained between wedge and coleoptile or hypocotyl to avoid touch-induced reactions, part of the coleoptile amyloplasts coleoptile is positioned in close proximity to the centre of the wedge edge there will be no net field gradient parallel to the experienced a considerably reduced force, less than 10−1 g. Therefore, the ponderomotive forces acting on amyloplasts the HGMF area, ultimately producing a well-defined arch equal to gravity were confined to a small area of the plant tissue.
of the coleoptile around the wedge ( Fig. 3) . However, if
Pipette tips with seedlings were attached to a holder that the coleoptile does not grow strictly perpendicular to the could be moved perpendicular to the wedge allowing precise wedge or undergoes nutational movements, the HGMF positioning of the wedge relative to the seedling. In all experiments, the wedge edge was placed not farther than 0.1 will have a lateral component that can affect the coleoptile mm from the surface of the coleoptile and care was taken to to curve toward the strongest gradient, i.e. the edge of avoid touching (Jaffe, 1973; Braam and Davis, 1990) wedge, there will always be a lateral force directing a below the tip.
positively graviresponsive organ toward the wedge, thus
To minimize the influence of gravity, the system was mounted keeping the coleoptile parallel to the wedge. Initial instabon a 1 rpm clinostat. The axis of the coleoptile was perpendicular ility and deviation from the plane perpendicular to the to the horizontal axis of rotation of the clinostat. The entire wedge could be caused by imperfect positioning or set-up was placed in a dark cabinet for 10-15 min before clinorotation was started. After 4 h of rotation the direction of curvature was evaluated. When the coleoptile tip or hypocotyl hook was displaced 1 mm or more from the longitudinal axis or when a distinct kink appeared the specimen was counted as curved.
The distributions of shoot curvature (growth parallel to the wedge edge, curvature toward, both considered 'positive', no curvature, or curvature away from the wedge) after different treatments were compared using non-parametric, two-tailed Kolmogorov-Smirnov tests (Conover, 1971; SysStat Software, 1992) .
Microscopy
Coleoptiles fixed on the clinostat under HGMF, gravistimulation or in vertical orientation (without HGMF, controls) in 4% formaldehyde (in phosphate buffer, pH 6.2, containing 5% DMSO). Then, the apical 5 mm were cut and incubated in fixative for an additional 2 h. After dehydration in ethanol, acetone and embedding in Spurr's resin, sections (2 mm) were stained (0.5% methylene blue/borax, pH 9.5). The sections were examined under a microscope and photographed.
Results and discussion
The curvature of most coleoptiles occurred either toward or parallel to the wedge. If the magnetized wedge was located next to the coleoptile tips before the onset of clinorotation, most coleoptiles curved toward the wedge ( Figs 3, 4) and stayed essentially in a plane perpendicular to the wedge edge. In some cases coleoptiles curved initially toward the wedge but also curved parallel to the wedge edge. When the coleoptiles were positionend near the ferromagnetic wedge 90% curved toward the HGMF. Thus barley coleoptiles, subjected to a sufficiently strong HGMF, behaved as if graviresponding to a force directed away from the wedge edge.
Curvature toward the wedge or initial curvature toward to the wedge edge. The tip will eventually grow out of by nutational movements, possibly augmented by between the same magnets but without wedge. The distribution of curvature was statistically similar to that withclinorotation.
For control experiments a (non-ferromagnetic) brass out magnetic field (P<0.001), indicating that a uniform magnetic field of about 4.5 kOe does not influence curvawedge of the same size and shape and coating as the ferromagnetic wedge was placed between black plastic ture of barley coleoptiles. Similar to previous results ( Kuznetsov and Hasenstein, blocks of the same size as the magnets. Positioning was identical to the experiments with a ferromagnetic wedge 1996), the curvature of coleoptiles under HGMF was accompanied by the displacement of amyloplasts similar and the set-up was mounted on the same clinostat. Under those conditions there was no net curvature. About 20% to gravistimulated coleoptiles ( Fig. 5) . Vertically oriented coleoptiles show relatively uniform distribution of basally of the coleoptiles curved toward the brass wedge, most coleoptiles showed no curvature (45%) and 35% curved sedimented amyloplasts (Fig. 5A ), but both magnetophoretically stimulated ( Fig. 5B ) and gravistimulated away from the wedge ( Fig. 4) . This distribution of curvature is different from that in the HGMF (P<0.001).
( Fig. 5C ) coleoptiles display laterally distributed amyloplasts. This result suggests that curvature is initiated by The tendency to curve is probably enhanced due to clinorotation, but there was no preferential curvature amyloplast displacement either by a ponderomotive force or gravity and supports amyloplasts as the primary site away or toward the brass wedge.
In different experiments seedlings were placed between of graviperception. Substituting barley with oat seedlings, the species used plastic blocks on a clinostat without wedge to determine if the deviation from a uniform distribution of curvature by Schwarzacher and Audus (1973) , also resulted in curvature of coleoptiles toward the stronger field ( Fig. might be caused by touch-induced reactions and/or clinorotation. The resulting distribution of curvature was sim-6), and distribution of the curvature response was similar to that of barley (P≥0.95). Similarly, experiments with ilar and the distribution of curvature with and without wedge in a set-up without magnets was not significantly tomato seedlings also showed curvature of shoots toward stronger field area (Fig. 6 ). Therefore the observed reacdifferent (P>0.95, Fig. 4) .
The possible effect of the uniform magnetic field on tion is not species-specific. If the wedge edge is not perpendicular to the coleoptile coleoptile curvature was investigated by placing seedlings axis, amyloplasts in such a coleoptile experience a lateral component of the ponderomotive magnetic force. The smaller the angle between the wedge edge and the coleoptile axis, the stronger such a lateral component. The lateral force component should cause the coleoptile to curve parallel to the wedge. As the coleoptile is curving toward the wedge edge, the angle between the coleoptile and the edge gets smaller, which leads to an increase in the lateral components of the ponderomotive force. This would cause the coleoptile to continue to grow along the edge. Placing the wedge initially at a 45°angle with the coleoptile axis, the number of seedlings, growing parallel to the edge increased dramatically (from 16-70%, Fig. 6 ), and overall percentage of curvature toward the stronger field increased, presumably due to an increased volume of plant tissue affected by HGMF and the longer time it spent in the HGMF. Reduction of the angle to 10°i ncreased parallel growth further (Fig. 7) . Starch containing organelles are found in long files of cells in the terminal 7-11 mm portion of barley coleoptiles. The ponderomotive force that affects amyloplasts is greater than or equal to gravity for about 0.3 mm from placing the coleoptiles inside a uniform magnetic field (4.5 kOe) in close proximity to an edge of a ferromagnetic wedge (HGMF ), a the wedge (Fig. 2) . The effective volume of the HGMF uniform field without a wedge ( UMF ) or a non-ferromagnetic wedge is much smaller than that in which cells with amyloplasts of equal size (brass). Controls were observed without a magnetic field are found and, therefore, it is possible to stimulate a should reveal the sensitivity profile of the coleoptile tip. was placed 0.5 mm above the tip, fewer coleoptiles curved than when the wedge and tip were precisely aligned. The reduced curvature toward the wedge was compensated by the ponderomotive force lateral to the coleoptiles may have caused curvature that resulted in growth parallel to a higher percentage of coleoptiles growing parallel to the wedge. Due to the elongation growth that moved the the wedge. When both responses (curvature toward and growth parallel to the wedge edge) are considered positive, coleoptile tip into the effective area of the HGMF, the mutual positioning of wedge and coleoptile tip may not the response patterns for the two initial positions were very similar (Fig. 8) . have been as precise or efficient as when the tip was aligned with the wedge edge. When the coleoptile tip was
There was a significant reduction in the percentage of coleoptiles curving toward the wedge when it was posiinitially placed below the edge of the wedge the chance for nutational movements and thus a net component of tioned below the coleoptile tip (Fig. 8) . When the wedge removed, still curved upward if placed horizontally. However, the response is less strong than that of intact coleoptiles ( Table 1) . The reduced graviresponse suggests that statocytes within the apical portion generate the strongest response to amyloplasts displacement. The geometry of the tissue further affects the number of amyloplasts that experience a ponderomotive force comparable to gravity. Three mm below the tip the coleoptile has an almost cylindrical shape with a diameter of 1.5-2 mm. Closer to the tip the cross-sectional area is elliptic with 0.5 and 1 mm long axes. The variation in shape reduces the number of amyloplasts exposed to the HGMF if the wedge is positioned 3 mm below the tip to less than a quarter of the cross-sectional area. When the wedge is positioned at the tip two extreme situations are possible such that the longer axis of the elliptical crosssection is parallel or perpendicular to the wedge edge ( Fig. 2) . In the parallel position about half of the crosssection of the coleoptile is subjected to the effective HGMF versus about a quarter in the perpendicular position. While the data presented so far were obtained HGMF was studied as well. Parallel orientation of wedge and long axis of the coleoptile tip resulted in a higher was positioned 3 mm below the tip the curvature was percentage of curvature than perpendicular orientation similar to that obtained with a non-ferromagnetic wedge ( Fig. 9 ). These data suggest that curvature is correlated and not different from non-stimulated coleoptiles ( Figs with the proportion of statocytes subjected to the HGMF 4, 9).
that approximates gravity effects. Despite the geometric These results suggest that the cells most sensitive to differences of the area exposed to the HGMF, these intracellular displacement of amyloplasts and thus gravity studies suggest that amyloplast containing cells vary in sensing, are confined to the top 1 mm portion of barley their sensitivity based upon their longitudinal position coleoptiles. However, gravisensitivity is not limited to this within the coleoptile. The curvature in coleoptiles that area because coleoptiles from which the terminal mm was were positioned with their tip perpendicular to the wedge was greater than the curvature of coleoptiles that were exposed to an effective HGMF 1 mm and 3 mm below the tip, although the cross-sectional area of tissue of the coleoptile exposed to an effective HGMF was similar. If amyloplasts in shoots are confined to a distinct area or tissue, for example, cereal pulvini (Song et al., 1988; Brock et al., 1989; Brock and Kaufman, 1990) it should be possible to influence this area of the plant by a HGMF with a sufficient dynamic factor and to induce curvature away from the HGMF. These results contrast with those obtained by Audus and Whish (1964) and Schwarzacher and Audus (1973) . These authors used considerably weaker gradients, reported curvature of shoots and roots away from the higher field density, and could not verify amyloplast displacement. Therefore, it is possible that weaker gradients than those employed in the previous ( Kuznetsov and Hasenstein, 1996) and present studies may cause qualitatively different curvature of shoots due to effects other than amyloplasts displacement. Fig. 9 . Curvature of barley coleoptiles when the long diameter was oriented parallel or perpendicular (see Fig. 2 ) to the wedge.
These results ( Kuznetsov and Hasenstein, 1996 , and Table 1 . Growth rate and curvature of vertically and horizontally oriented barley coleoptiles during 3.5 h after removal of various lengths of apical tissue (values±SE) 
